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We present experimental measurements of the electronic contribution to the Raman spectra of
individual metallic single-walled carbon nanotubes (M−SWNTs). Photo-excited carriers are inelas-
tically scattered by a continuum of low-energy electron-hole pairs created across the “graphene-like”
linear electronic subbands of the M−SWNTs. The optical resonances in M−SWNTs give rise to
well-defined electronic Raman peaks. This resonant electronic Raman scattering is a unique feature
of the electronic structure of these one-dimensional quasi-metals.
PACS numbers: 78.67.Ch, 78.30.-j, 78.35.+c, 73.22.-f, 71.38.-k
Inelastic light (Raman) scattering is a versatile tool
for studying elementary excitations (phonons, electron-
hole pairs, plasmons, magnons) in condensed matter sys-
tems. In particular, electronic Raman scattering has pro-
vided insight into electronic behavior in low-dimensional
semiconductors [1] and strongly correlated materials [2].
In recent years, metallic single-walled carbon nanotubes
(M−SWNTs) have emerged as a unique medium for
studying electrons and their correlations in one dimen-
sional systems [3–5]. However, despite the large im-
pact of vibrational Raman spectroscopy in the area of
carbon nanotube research [6], electronic Raman scat-
tering has not yet been observed in these structures.
The Raman features that have been studied to date
in carbon nanotubes are associated with the phonon
modes that can scatter light due to electron-phonon cou-
pling [6]. The optical resonances Sii and Mii in semi-
conducting (S−SWNTs) and metallic nanotubes, respec-
tively, produce incoming (outgoing) phonon Raman res-
onances, when the energy of the exciting (scattered) pho-
ton matches that of an optical transition [6]. This reso-
nant enhancement makes it possible to observe Raman
scattering down to the single nanotube level [7, 8].
As opposed to semiconducting species, metallic nan-
otubes possess a pair of linear subbands. They arise from
the well-known gapless dispersion of graphene near the
corners of its Brillouin zone [9, 10]. Low-energy electron-
hole pairs across these bands can be formed, e.g., from
the decay of a phonon (Landau damping) or from the
inelastic scattering of light, via the Coulomb interaction.
The former mechanism reduces the phonon lifetime and
has been extensively studied [11–13]. The latter corre-
sponds to electronic Raman scattering (ERS) and will
be discussed below.
In this letter, we report on a new feature, found
exclusively in the Raman spectrum of M−SWNTs,
that we attribute to ERS from low-energy electron-hole
pairs. Figure 1(a) shows the Raman spectrum of a
M−SWNT with the labeled ERS feature located be-
tween the G-mode and the radial breathing mode (RBM)
features. Remarkably, we observe well-defined spectral
peaks rather than a flat background, as would be ex-
pected for scattering by a continuum [14]. In contrast
to the narrow phonon features, the relatively broad elec-
tronic peak is highly dispersive and appears at a constant
scattered photon energy in the Raman spectrum. We at-
tribute this phenomenon to a resonant enhancement of
the ERS that occurs when the energy of the scattered
photon matches one of the Mii excitonic transition en-
ergies [5, 10, 13, 15, 18]. No such feature is observed in
the Raman spectrum of S−SWNTs that are excited un-
der similar conditions. The electronic Raman feature in
M−SWNTs can be quenched by shifting the Fermi en-
ergy above the energy of the electrons or holes involved
in the interband transitions.
The ERS feature, may have previously been overlooked
because of the difficulty in distinguishing a spectrally
broad signal from an extrinsic background from the sub-
strate supporting the SWNTs. To overcome this prob-
lem, we have performed key experiments on isolated sus-
pended SWNTs, which were grown by chemical vapor de-
position over open trenches [16]. Such SWNTs are there-
fore free from environmental perturbations and substrate
scattering; however, we also show that ERS is observable
for M−SWNTs lying on a substrate.
To demonstrate that the Raman peaks which we
attribute to ERS are intrinsic features of individual
M−SWNTs, we have focused on suspended SWNTs
whose (n,m) chiral indices have been identified by
means of combined Rayleigh and Raman scattering spec-
2FIG. 1: (Color online) The Raman (a,b) and Rayleigh (c,d)
scattering spectra are used to identify the (n,m) indices of an
isolated M−SWNT in (a) and (c) and an isolated S−SWNT
in (b) and (d). In (a) and (b), the Raman shifts are indi-
cated on the lower axis and the corresponding energies of the
scattered photons are indicated on the top axis. The elec-
tronic Raman scattering (ERS) feature is the broad peak at
∼ 500 cm−1 in (a). Labels in (c) and (d) indicate the opti-
cal transitions, while the laser energy for the Raman mea-
surements are indicated with arrows. Likewise, arrows in
the Raman spectra (a,b) indicate the energies of the opti-
cal transitions (M−22, S33, S44) as obtained from fitting the
Rayleigh scattering spectra using an excitonic model [15].
The Mii transitions are split into M
+
ii
and M−
ii
due to the
trigonal warping effect [19]. The inset of (b) shows the weak
and featureless low-energy tail in the Raman spectrum of the
S−SWNT in (d).
troscopy [13, 15–18]. The Rayleigh scattering spectrum
of a SWNT gives its optical transition energies and al-
lows one to distinguish between an isolated SWNT and
a SWNT bundle. Along with the information obtained
from the RBM and the zone-center optical phonon modes
(G-mode) in the Raman spectra, the optical transition
energies can be used to make a tentative assignment of
the (n,m) indices of a given isolated SWNT [16]. In
Fig. 1, we compare the Raman and Rayleigh spectra
of a M−SWNT [(mod(n-m), 3) = 0] and an S−SWNT
[(mod(n-m), 3) = 1, 2] whose optical transition energies
and structural parameters were thus identified.
For this particular M−SWNT, the ERS feature oc-
curs at a Raman shift of ∼ 500 cm−1 (∼ 62 meV). The
corresponding scattered photon energy of the new fea-
ture in Fig. 1(a) (at 2.08 eV) matches the position of
the M−22 transition (obtained from the Rayleigh scat-
tering spectrum in Fig. 1(c). This peak is symmet-
ric and has a full width at half maximum (FWHM) of
∼ 620 cm−1(∼ 77 meV). For the case of S−SWNTs also
excited just above an excitonic transition, the Raman
spectrum does not exhibit any feature at the energy of
the same excitonic transition (Fig. 1(b)), nor is there an
appreciable inelastic scattering background.
Tuning the laser photon energy, EL, reveals that the
Raman frequency of this new feature in Fig. 1(a) is highly
dispersive. Figure 2(a) shows the spectra obtained at var-
ious incident laser energies EL as a function of the energy
of the scattered photon ES. Although the Raman shift
of the newly observed ERS feature changes with EL, the
corresponding ES, remains centered around 2.08 eV for
EL in the range 2.10 eV to 2.20 eV, and around 2.19 eV
for EL = 2.33 eV. These values of ES match the M
−
22
and M+22 energies obtained from the Rayleigh spectrum,
respectively. For a collection of more than 15 structure-
assigned M−SWNTs excited slightly above a given Mii
resonance, we have consistently observed a prominent
feature, peaked at Mii, in the Raman spectra.
The ERS feature has also been observed for several
M−SWNTs lying on a substrate and for M−SWNTs
that are part of a small bundle. In these cases, the
M11 or M22 transitions have been determined from the
RBM resonance window [20]. Again, we systemati-
cally observe a broad ERS feature at the energy of the
Mii transitions, when EL is near Mii. Interestingly, the
ERS feature is also present in the anti-Stokes spectrum
when a M−SWNT is excited slightly below resonance
(Fig. 2(c)). On the other hand, the Raman background of
more than 15 structure-assigned S−SWNT excited near
their Sii transitions is nearly flat, with the exception of
a weak tail near the Rayleigh peak, as shown in the in-
set of Fig. 1(b). Based on this survey of a statistically
significant number of individual tubes, we conclude that
the ERS feature is a hallmark of M−SWNTs and can be
observed for any M−SWNT excited near resonance.
We attribute the newly observed peaks to a reso-
nant electronic Raman scattering process, involving low-
energy electronic transitions across the linear subbands
of M−SWNTs. Figure 2(d) shows a schematic diagram
of the resonant ERS process. A continuous range of avail-
able electronic excitations may scatter light. For scatter-
ing a photon by a first-order Raman process, only verti-
cal electron-hole (e-h) excitations (qe−h = 0) satisfy the
conservation of momentum. Since the Coulomb interac-
tion is long range, its contribution peaks sharply near
qe−h = 0 [21], and therefore it is most significant for
these vertical e-h excitations. While the density of states
for these excitations is constant [9], the ERS events that
result in outgoing photons of the same energy as one of
the Mii transitions will be resonantly enhanced and will
dominate the signal. Consequently, the ERS feature is
always centered at Mii, irrespective of EL.
When exciting a M−SWNT very close to an M
ii
opti-
cal transition (Fig. 2), ERS processes, involving e-h pairs
3FIG. 2: (Color online) (a) Raman spectra of the (23,14)
M−SWNT from Fig. 1(a) and (c), plotted as a function of
the scattered photon energy ES. Each spectrum is collected
at a different laser photon energy EL, as indicated by the po-
sition of the black arrows. The ERS features are the broad
peaks that line up with the dotted vertical lines, which in-
dicate the energies of the M22 transitions. The positions
of the G-(∼ 1580 cm−1), G’-(∼ 2700 cm−1) and 2D’-mode
(∼ 3150 cm−1) features [6] are indicated on the spectra. All
spectra are normalized to the integrated G-mode intensity.
(b) Same as (a) but for a (29,5) isolated M−SWNT. (c)
Spectra from a M−SWNT on a substrate (not identified by
Rayleigh scattering). Here the ERS feature is shown for the
M11 peaks and appears on both the Stokes and anti-Stokes
spectra. From the RBM frequency (160cm−1) and the posi-
tion of the ERS peaks, we assign this M−SWNT as (15,6).
(d) Schematic of resonantly enhanced electronic Raman scat-
tering in an armchair M−SWNT. A continuum of e-h ex-
citations (illustrated by the color gradients on the left and
right panels) may scatter the incident photon of energy EL.
The downward arrow in the left panel indicates the resonantly
enhanced scattering event in which the outgoing energy ES
matches theMii optical transition energy (middle panel). The
full and empty circles in the right panel, illustrate the e-h pair
that is resonantly selected from a continuum of e-h excita-
tions.
with near-zero energy, are resonantly enhanced. Thus, a
strong but featureless ERS tail is observed near the laser
line and overlaps with the RBM feature (EL = 2.07 eV
for the (23,14) SWNT or EL = 2.00 eV for (29,5)). As
EL is tuned further away from Mii, higher energy e-h
pairs will contribute to the Raman spectrum and a well-
defined ERS peak will develop at a Raman shift corre-
sponding to the laser detuning (EL = 2.14 eV for (23,14)
or EL = 2.12 eV for a (29,5) −SWNT). The energy of
the scattered photons corresponding to the ERS peak,
however, remains unchanged.
In this picture, the ERS spectrum is composed of con-
tributions from many e-h excitations, whose relative am-
plitudes are modulated by the nearest Mii resonance. In
agreement with this, we find that the widths of the ob-
served ERS features are of the same order of magnitude,
as the associated Mii transitions.
The fact that the new ERS features are observed ex-
clusively at Mii in M−SWNTs, and not in S−SWNTs,
together with the presence of the ERS features both on
the Stokes- and anti-Stokes sides of the spectra, rules
out fluorescence as a possible interpretation. Stokes-
fluorescence from M−SWNTs or from higher-order tran-
sitions (Sii, i > 1) in S−SWNTs is extremely ineffi-
cient because the exciton radiative decay rate in SWNTs
(≈ 0.1 ns−1 [22–24]) is at least five orders of magni-
tude slower than non-radiative interband relaxation pro-
cesses [25–27]. Anti-Stokes fluorescence would require
additional phonon-assisted processes, which are even less
probable. Also, the laser power was kept sufficiently low
to ensure that the spectra were collected in the low exci-
tation regime and therefore thermally induced effects can
also be excluded. Finally, in a fluorescence scenario, we
expect to observe visible emission from both M−SWNTs
and S−SWNTs, obviously contradicting our results.
If low-energy electronic excitations are indeed responsi-
ble for the observed ERS features, then we should be able
to suppress these features by changing the occupancy of
the relevant electronic states. Figure 3 shows the evolu-
tion of the Raman spectrum of a M−SWNT on an SiO2
substrate whose Fermi level, EF, is tuned by means of an
electrochemical gate (Fig. 3(a)) [12, 16]. The ERS fea-
ture, located at ∼1200 cm−1, has less intensity when EF
is shifted to positive or negative values (Fig. 3(b)). This
sensitivity arises from Pauli-blocking the possibility of
generating the electron-hole pairs [11–13]. More quanti-
tatively, the FWHM of the curve in Fig. 3(c) (∼ 150 meV
or (∼1200 cm−1) exactly matches the Raman shift of the
ERS feature, i.e., the average energy of the e-h pairs,
that contribute to the resonant ERS process. Thus, the
results of Fig. 3 further demonstrate that the e-h exci-
tations are involved in the ERS process, and also that
relatively low levels of doping (< 0.005 e/C atom) will
suppress the ERS features.
These same e-h pairs have recently been shown to cou-
ple strongly to the zone-center longitudinal optical (LO)
4FIG. 3: (Color online) (a) A schematic of the electrochemi-
cal gating setup. A Pt counter-electrode is used to maintain
the gate voltage Vg between the Au contacted M−SWNT
and a Ag pseudo-reference electrode. The gate efficiency α,
and charge neutrality voltage Vo relate Vg to EF [16]. (b)
The Raman spectra of an electrochemically gatedM−SWNT.
The ERS peak shown by the bold red line is suppressed
when the Fermi energy, EF, is shifted to positive and neg-
ative values. The phonon feature is fit to a Fano lineshape
for the lower-energy longitudinal optical (LO) mode and a
Lorentzian for the narrower, higher-energy, transverse optical
(TO) mode [13]. All spectra are normalized to the LO mode
intensity. (c) The ratio of the integrated intensities of the
ERS and LO phonon peaks as a function of EF. The solid
curve is a Gaussian fit to guide the eye.
phonons of M−SWNTs resulting in phonon softening
and lifetime broadening [11–13]. Given this coupling,
the coherent addition of the ERS and LO phonon spectra
could give rise to a Fano interference, thus accounting for
the widely reported, albeit weak, asymmetry of the LO
phonon feature in the Raman spectrum of M−SWNTs
[13, 28–30]. An analysis of this asymmetry vs. its spec-
tral overlap with the ERS feature is presented elsewhere.
In conclusion, we have shown that resonant electronic
Raman scattering features can be observed from any
M−SWNTs with a standard micro-Raman spectrome-
ter. The ERS features reveal a wealth of information
about the 1D electronic states of M−SWNTs. First, due
to the resonant nature of ERS, the spectral position of an
ERS feature provides a direct measurement of the near-
est Mii optical transitions. Thus, ERS can be used for a
more accurate “Raman-based” structural assignment of
individual M−SWNTs. As an example, the M−SWNT
in Fig. 2(c) is assigned to a (15,6) nanotube based on
both the location of the ERS peak energies and its RBM
frequency.
More importantly, the ERS spectrum may also yield in-
formation about the continuum of low-energy electronic
excitations by which the light is scattered. By using a
sharper laser cut-off, the lower energy side of the ERS
could potentially be used to study the electronic bands
of nominally metallic carbon nanotubes in the very low
energy range, where minigaps due to curvature and elec-
tron correlation effects have been reported [4]. We do
not expect contributions to the ERS spectrum for ener-
gies within these minigaps.
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